The passive material properties of a muscle, as evaluated by shear or Young's modulus, can vary depending on the muscle cross-sectional area (CSA), since intramuscular compositions such as adipose tissue and connective tissue change with muscle hypertrophy and atrophy. However, the relationship remains unclear between the passive material properties and CSA of a muscle. Therefore, we examined whether passive muscle shear modulus is related to muscle CSA in the human hamstring. The shear modulus and anatomical CSA of the biceps femoris, semitendinosus, and semimembranosus were measured in 71 healthy young males with the hip flexed at 70° and knee fully extended. The shear modulus of each muscle was measured using ultrasound shear wave elastography. Muscle CSA was assessed using panoramic ultrasound imaging. There were individual differences in muscle shear modulus as well as muscle CSA. The coefficients of variation (CVs) of muscle shear modulus were 41.4% (range: 8.8 -54.3 kPa), 33.0% (range: 8.4 -57.3 kPa), and 41.1% (range: 18.2 -107.1 kPa) for the biceps femoris, semitendinosus, and semimembranosus, respectively. There were no significant correlations between shear modulus and CSA in each or overall hamstring muscle (absolute r < 0.113). The present findings indicate that, although the passive material property of muscle is not the same among individuals, it is substantially independent of the muscle CSA, at least in the hamstring.
Introduction
Quantifying the passive mechanical properties of skeletal muscle is important since it can provide key strategies for preventing muscular injuries 1) and influence muscle performance 2) . It is often believed in the field of sports that large or hypertrophied muscle is stiff and inextensible, leading to increased susceptibility in muscular injuries such as muscle strain. In the research field, Gajdosik 3) suggested that passive muscle stiffness is positively related to the size of the muscle. Many studies have supported this notion by showing a significant relationship between muscle cross-sectional area (CSA) and joint stiffness of the hamstrings (r = 0.56 -0.59, n = 18) 4) and plantar flexors (r = 0.83, n = 12) 5) . Unfortunately, however, joint stiffness evaluated from the passive torque-joint angle relationship is attributed not only to passive muscle stiffness, but also the mechanical properties of the entire musculo-articular complex (including tendon, ligament, joint capsule, and so on) 6) . Furthermore, passive joint stiffness (expressed in Nm/°) and muscle stiffness (expressed in N/ mm) can be related to the CSA of the muscle(s) examined since the stiffness is not normalized by the size. Thus, it is unclear from the available literature whether passive material properties (independent of material size) of a skeletal muscle are related to the muscle CSA. Understanding this relationship allows us to gain further insight into muscle mechanics and muscle physiology.
From the viewpoint of composition, if intramuscular composition is the same among individuals and if muscle is atrophied or hypertrophied without any compositional changes, the passive material properties of a muscle must then be constant among individuals regardless of the CSA. Actually, however, proportions of intramuscular adipose tissue and/or connective tissue content are not constant 7, 8) . Such compositional variabilities can modulate the passive material properties of muscle. Additionally, a previous study has shown in rabbits that high-intensity exercise training induced a significant increase in intramuscular collagen concentration 9) , leading to an increase in the passive material properties of a muscle, since the passive material properties of a muscle can be influenced by the collagenous connective tissues within the muscle 10, 11) . Thus, it is reasonable to assume that the passive material properties of muscle differ among individuals, and that muscle with greater CSA (i.e., hypertrophied muscle) is stiffer. However, as yet, it remains unclear whether or not the passive material properties of a muscle are related to *Correspondence: miyamoto@nifs-k.ac.jp muscle CSA.
Recently, ultrasound shear wave elastography (SWE), which enables measurement of localized tissue shear modulus (expressed in kPa) independently of the influence of other anatomical structures, has been used to quantify the passive material property of individual muscles in vivo [12] [13] [14] . In the present study, therefore, we measured shear modulus using ultrasound SWE to examine the association between shear modulus and CSA of individual muscles. We hypothesized that the shear modulus of a muscle, measured with ultrasound SWE, would be positively related to the muscle CSA.
Materials and Methods
Subjects. Seventy-one healthy active young males volunteered to participate in the study (173.7 ± 5.9 cm, 69.2 ± 11.6 kg, 21.3 ± 3.0 years). Sixty-four subjects were right-legged, two were left-legged, and the remaining five subjects had mixed-preference (determined according to the method described by Chapman et al. 15) ). None of them reported any ongoing neuromuscular diseases or musculoskeletal injuries specific to the hamstring. The subjects were asked to refrain from engaging in intense exercise within 24 h of the experiment. Before participating in the study, all subjects provided written consent. This study was approved by the ethics committee of National Institute of Fitness and Sports in Kanoya (No. H271016-6-30) and conducted in accordance with the Declaration of Helsinki.
Experimental procedure. Subjects were seated on a bench with their hip flexed at 70° and the right knee fully extended. This hip joint angle was chosen according to a recent study 16) , which aimed to define an angle where the hamstring could be stretched to a tensioned state without pain and the shear modulus could be quantified for all subjects. The passive shear modulus of the long head of the biceps femoris (BF), semitendinosus (ST), and semimembranosus (SM) of the right leg was assessed using an ultrasound SWE scanner (Aixplorer, Supersonic Imagine, France) with a linear probe (SL15-4, Supersonic Imagine, France) in "SWE" mode (MSK preset; persistence = Med, smoothing = 5). Measurements of the muscle shear modulus were performed at 50% of thigh length (the distance between the greater trochanter and the lateral epicondyle of the femur) 13) . For each muscle, the probe orientation was adjusted to visualize fascicles within the B-mode image. Care was taken not to press and deform the muscles while scanning. The subjects were instructed to fully relax the leg throughout the measurements. The images were acquired after ensuring a stable color distribution of shear modulus mapping. The probe location was adjusted slightly prior to image acquisition if a defocused image with a large variation in shear modulus was observed. Measurements were continuously performed three times for each muscle while the examiner kept the probe on the skin. The SWE data were analyzed using the software included with the ultrasound system. A circular area, that was as large as possible while excluding aponeurosis and subcutaneous adipose tissue, was selected as the region of interest (ROI) (Fig. 1) . The ROI size was 1.64 ± 0.20 cm 2 , 1.68 ± 0.14 cm 2 , and 1.59 ± 0.23 cm 2 for BF, ST, and SM, respectively. Then, the average value of the shear modulus over the ROI was calculated. For each muscle, the average of three measurements was adopted as the representative value of the muscle. Furthermore, the shear moduli of the three muscles were averaged in order to calculate overall hamstring shear modulus. All the measurements and analyses were performed by a single examiner who was experienced in ultrasound SWE measurements.
After the ultrasound SWE measurements, the anatomical CSAs of the BF, ST, and SM were measured in the same posture, using the "Panoramic" mode of the SWE scanner. Cross-sectional images of the hamstring were taken twice at the same site as that for SWE measurements. The probe was held perpendicular to the tissue and swept across the skin at equal pressure. This technique has been shown to provide valid CSA measurements 17) . Panoramic images were considered acceptable if the border and aponeurosis of each muscle were visible, solid, and continuous (Fig. 2) . The image analysis was performed using publicly available software (ImageJ, National Institutes of Health, USA). For each muscle, an average of two measurements was adopted as the representative value of the muscle. The CSAs of the three muscles (BF, ST, and SM) were summed in order to calculate the overall hamstring CSA. The measurements and analyses were performed by the same examiner.
Hip flexion range of motion (ROM) was assessed using the passive straight leg raise test. Each subject lay supine on an examination bed with legs straight. The pelvis and left (non-testing) leg were secured on the bed with nonelastic straps to avoid posterior tilt of the pelvis. An examiner held one hand gently on the right knee to keep it straight and raised the leg with the other hand placed near the ankle until tightness was felt by the examiner. Hip flexion ROM were assessed using an inclinometer (MLT-100, Sakai Medical, Japan). All measurements of hip flexion ROM were performed by the same examiner who had an athletic trainer license.
Statistical analysis.
There was no available direct data from previous studies to be referred to for a priori power analysis, since no previous study has examined the relationship between the passive material property and CSA of a muscle. Accordingly, a priori power analysis was conducted based on an assumed type I error of 0.05 and statistical power of 0.95 (type 2 error rate of 0.05) with the smallest effect size (r) obtained from previous studies which showed a significant relationship between muscle CSA and joint stiffness (r = 0.56) 4, 5) . The required sample size for this analysis was 26. However, joint stiffness does not necessarily correspond to muscle material properties, as mentioned above. Thus, more than twice as many subjects as the required sample size were recruited to avoid missing a potential relationship in the present study.
Data are expressed as means and SDs. In order to evaluate the repeatability of the measurements, the intraclass correlation coefficients (ICCs) and coefficients of variation (CVs) were calculated. When a Shapiro-Wilk normality test was performed on each variable, a normal distribution was not confirmed for muscle shear modulus data (P < 0.003). For muscle CSA, one-way analyses of variance (ANOVAs) with repeated measures and posthoc Bonferroni tests were used to test for a significant difference between muscles. For muscle shear modulus, Kruskal-Wallis tests with post-hoc Mann-Whitney U tests were used to compare muscles. Spearman's rankorder correlation coefficients were calculated between the passive shear modulus and CSA for each muscle. Furthermore, Spearman partial rank correlation tests were performed to control for the effect of hip flexion ROM. The significant level was set at P < 0.05. The statistical analyses were performed using SPSS Statistics (Ver. 22, IBM Japan, Japan).
Results
For the muscle shear modulus, the ICCs were 0.998, 0.999, and 0.999 for BF, ST, and SM, respectively. The CVs were 1.0 ± 1.2%, 0.7 ± 0.6%, and 1.3 ± 1.2% for BF, ST, and SM, respectively. For muscle CSA, the ICCs were 0.959, 0.946, and 0.955 for BF, ST, and SM, respectively. The CVs were 2.8 ± 2.0%, 3.4 ± 3.1%, and 4.2 ± 3.7% for BF, ST, and SM, respectively. Table 1 shows the shear modulus and CSA of the BF, ST, SM, and overall hamstring. The Kruskal-Wallis test and post hoc tests revealed that the muscle shear modulus was significantly greater in the following order: SM > ST > BF. One-way ANOVA and post hoc tests revealed that muscle CSA was significantly greater in BF than in ST or SM. Fig. 3 shows the relationships between CSA and shear modulus in each muscle. There were no significant correlations between them in BF, ST, SM or overall hamstring muscle (BF: r = 0.077, P = 0.526; ST: r = -0.066, P = 0.587; SM: r = -0.093, P = 0.442; hamstring: r = -0.113, P = 0.347). There was still no significant correlation between shear modulus and CSA even when ROM was adjusted statistically (BF: r = 0.070, P = 0.566; ST: r = -0.049, P = 0.686; SM: r = -0.095, P = 0.432; hamstring: r = -0.121, P = 0.317). 
Discussion
Before interpreting the current results, the validity and repeatability of the ultrasound SWE measurements for assessing the passive material property of muscle should be mentioned. As described in detail elsewhere 18, 19) , the ultrasound SWE system uses a transient and remote mechanical vibration generated by an acoustic radiation force, resulting in the propagation of a transient shear wave. The shear modulus is theoretically proportional to the square of the shear wave speed. Muscle shear modulus assessed by ultrasound SWE has been shown to be highly correlated (r 2 ≥ 0.916) with muscle Young's modulus measured by a traditional material (i.e., stress-strain) test 20) . Additionally, the validity and repeatability of the ultrasound SWE measurements has been demonstrated in phantom and human experiments in our recent works [12] [13] [14] . Therefore, it is reasonable to consider that the ultrasound SWE enables the evaluation of the passive material property of individual muscles, independent of the influence of other tissues such as tendon, subcutaneous fat, and ligament.
Assuming that a greater amount of connective tissue is present within larger muscle, passive muscle stiffness has been suggested to relate to muscle size 3) . On the other hand, the present study demonstrated that the passive muscle shear modulus was not correlated with muscle CSA in the hamstring, although there are large individual differences in the passive shear modulus of the hamstring (CV = 31 -41%). Passive muscle stiffness could be influenced strongly by the amount of connective tissues within the muscle such as perimysium and epimysium 10, 11) . MacDougall et al. 21) have shown that the proportion of intramuscular connective tissue in the biceps brachii did not differ between bodybuilders and control subjects. In contrast, Ducompus et al. 9) have shown in rabbits that highintensity exercise training induced a significant increase in intramuscular collagen concentration in the extensor digitorum longus and rectus femoris, but not in the semimembranosus proprius. Taken together, it is likely that the effects of training and its associated muscle CSA on the proportion of connective tissue are dependent on the muscles examined.
There were some limitations in the present study. First, we did not quantify intramuscular composition. Regarding a relationship between intramuscular composition and CSA, Akima et al. 22) have reported a negative relationship between intramuscular adipose tissue content (%) and muscle CSA (normalized by body weight: cm 2 /kg). In contrast, to our knowledge, no previous study has examined the relationship between intramuscular composition and muscle material properties (including shear modulus). Recently, intramuscular composition has been indirectly evaluated by calculating the echo intensity of ultrasound image 23, 24) . Unfortunately, however, although B-mode ultrasound images were obtained in the present study, ultrasound equipment settings such as gain, depth, and focus depth, which can influence the echo intensity, were not constant across subjects. Therefore, it makes no sense to calculate the echo intensity from the current data and further compare the values across subjects. Taken together, it remains unclear whether intramuscular composition is related to passive material properties. Secondly, shear modulus and CSA measurements were performed only in a prescribed posture (i.e., hip flexed at 70° and knee fully extended). Thus, although there was no association between shear modulus and CSA, even when hip flexion ROM was adjusted, it is unclear whether or not an association between passive shear modulus and CSA would be observed at other positions (e.g., at 90° of hip flexion) or at a relative joint angle normalized to individuals' maximum range of motion (ROM) (e.g., at 80% ROM for each subject). Thirdly, although the subjects were requested to fully relax the leg throughout the measurements, we did not confirm the degree of relaxation by measuring muscle activity via electromyogram. It is possible that subjects were unable to completely relax the hamstring, influencing the current results. Further studies are required to clarify these issues.
In conclusion, the present findings indicate that although the passive material property of a muscle (evaluated by muscle shear modulus using ultrasound SWE) is not the same among individuals, the material property is not related to the size of the muscle at least in the hamstring.
